Candida albicans is a dimorphic, opportunistic fungal pathogen that is responsible for the majority of fungal infections in immunocompromised hosts (33) . A great deal of attention has focused on understanding host-C. albicans interactions, in particular the elements that promote the virulence of the organism (14, 47) . Putative virulence factors include morphogenesis (56) , proteinase production (32) , phenotypic switching (57) , and adherence to host cells (8, 10) . A number of systems which allow C. albicans to adhere to host tissues have been identified (reviewed in references 8 and 10). In most instances, cell wallassociated mannoproteins bind to specific components on host cells (8) (9) (10) 27) . Cell wall mannan has also been implicated in other pathogenicity-related processes, including immunogenicity (10) . Therefore, understanding the molecular biology of glycosylation, as well as that of other processes that relate to biosynthesis of the Candida cell wall, is critical to elucidating the pathogenicity of C. albicans. In turn, such investigations may facilitate the identification of genes which encode potential targets for improved antifungal therapy. To this end, information obtained from studies of these systems in Saccharomyces cerevisiae has proven essential in facilitating such research in Candida.
The biosynthesis and structure of the mannan outer chain in S. cerevisiae have been studied extensively by Ballou and coworkers (2) . Those investigations led to the isolation of a number of S. cerevisiae mannoprotein, or mnn, mutants (reviewed in references 2, 3, and 23), several of which show defects in glycosylation of secreted proteins (2) (3) (4) . These mutants also exhibit phenotypes characteristic of defects in cell wall biosynthesis and/or assembly, including poor cell growth, flocculation in liquid media, clumpy growth on solid media, osmotic sensitivity, and aberrant sporulation. Of these mutants, the mnn9 strain suffers the most serious glycosylation defect. In this mutant, N-linked chains in which one ␣-1,6-mannose is attached to the core oligosaccharide are formed but further addition is blocked. Limited addition of ␣-1,2-and ␣-1,3-linked mannose residues results in the formation of a Man 13 GlcNAc 2 structure (60) .
The MNN9 gene has been cloned (64) , and an MNN9 gene family in S. cerevisiae has been identified based on sequence homology. The other members of this family include VAN1 and ANP1. VAN1 was isolated by complementation of vanadate-resistant mutant van1-18 (28) and has been shown to be allelic to vrg7, another vanadate-resistant mutant isolated in an independent screen (5) . That screen also identified vrg mutants allelic to mnn9 (vrg6), as well as other mnn mutants. Like the mnn9 strain, van1 strains underglycosylate secreted invertase (5, 29) . In addition, mnn9 and van1 strains have similar growth and sporulation defects. Both strains also show sensitivity to the aminoglycoside antibiotic hygromycin B, as well as resistance to sodium orthovanadate (5, 15, 28, 29) . The third member of the MNN9 gene family is ANP1, which was originally identified within a cluster of genes whose deletion resulted in sensitivity to the chloramphenicol breakdown product amino nitrophenol propanediol (39) . ANP1 has since been shown to complement gem3. The gem3 mutant was isolated in a screen for mutants that mislocalize a reporter protein that should reside in an early Golgi compartment (12) . The anp1 (gem3) strain also grows slowly, is osmotically sensitive, exhibits clumpy growth in liquid and solid media, is sensitive to hygromycin and resistant to vanadate, and is defective in outer-chain glycosylation (12) . All three genes encode putative type II membrane proteins. Disruption of the individual genes does not result in lethality (5, 12) , but deletion of both ANP1 and VAN1 renders the doubly disrupted strain inviable (12) . Recently, Jungmann and Munro (26) have shown that Mnn9p, Van1p, and Anp1p colocalize in the cis Golgi apparatus subcompartment in two separate complexes, both of which contain Mnn9p (26) . The separate complexes were isolated by immunoprecipitation, and both were shown to have mannosyltransferase activity. One of the isolated complexes contains Van1p and Mnn9p alone, while the other complex contains Mnn9p, Anp1p, and two other tightly associated proteins, Hoc1p and an uncharacterized protein encoded by open reading frame (ORF) YJL183w (26) . Hoc1p (45) is a Golgi apparatus protein with homology to Och1p (43), the mannosyltransferase which initiates mannan backbone synthesis. However, deletion of HOC1 does not lead to defects in protein glycosylation (45) . The Yjl183w protein has clear homologies to Mnn10p (16) and an ␣-1,2-galactosyltransferase in Schizosaccharomyces pombe (13) and has since been renamed Mnn11p (26) . The enzymatic studies with the partially purified complexes show they synthesize both ␣-1,6-(backbone) and ␣-1,2 (side chain)-mannose linkages, suggesting that the complexes have multiple enzymatic activities (26) . While the specific catalytic functions of each of these proteins are yet to be resolved, it is suggested that in addition to the role they play in outer-chain synthesis one or more of the enzymes in these complexes may be involved in other processes responsible for maintaining the organization and function of the secretory pathway (25, 46) . Additionally, MNN9 gene family members have been identified in screens for genes involved in the cell cycle-regulated progression of polarized growth in S. cerevisiae (41, 54) .
The C. albicans genome is diploid, yet no sexual cycle has been reported for this organism (31) . Accordingly, genetic manipulation of this pathogen has been difficult in the past. In recent years, techniques developed for targeted gene disruption in Saccharomyces (1) have been adapted for use in Candida (18) . This methodology has led to the successful disruption of many C. albicans genes, including genes involved in glycosylation (7, 53, 59) , maintenance of cellular integrity (44, 48) , and assembly and function of the cell wall (6, 20, 36, 40) .
Here, we report the identification of an MNN9 gene family in C. albicans and describe the isolation and characterization of one gene member of that family, C. albicans MNN9. Disruption of both copies of C. albicans MNN9 results in a phenotype suggestive of severe cell wall defects, including poor growth, flocullation in liquid medium, abnormal hyphal formation, and sensitivity to ␤-glucanase. Additionally, C. albicans ⌬mnn9 strains are sensitive to hygromycin B and resistant to vanadate. These results suggest that C. albicans MNN9 encodes a protein involved in glycosylation and/or secretion of cell wall-associated mannoproteins. In turn, the severe phenotypes exhibited by the Ca⌬mnn9 strain and the fact that no mammalian homologs of MNN9 gene family members have been identified suggest that C. albicans MNN9 would represent an attractive target for new antifungal drugs. PCR amplification of C. albicans genomic DNA was performed with AmpliTaq (Perkin-Elmer Cetus, Norwalk, Conn.) and carried out in an ERICOMP twin-block thermocycler. The degenerate primers used were 5ЈTGGGTI(C/T)(A /T)ITGGI(G/T)IGA(C/T)G(C/T)TGA3Ј and 5Ј(C/T)(C/T)TI(G/C)C(A/G)AA I(G/C)C(C/T)TCIGT(C/T)TC3Ј, where I indicates inosine. The primers were designed based on the nucleotide sequence encoding conserved regions in the carboxy termini of the S. cerevisiae Mnn9, Van1, and Anp1 proteins and were synthesized by the Biopolymer Laboratory at MIT. The conditions of amplification were denaturation at 95°C for 1 min, annealing at 50°C for 1 min, and extension at 72°C for 1 min. Double-stranded DNA sequencing was carried out by the chain termination method (52) with a cycle sequencing kit (Epicentre Technologies, Madison, Wis.). C. albicans MNN9 was progressively sequenced by extension of synthetic oligonucleotide primers (Biopolymer Laboratory, MIT) designed based on a sequence derived from previous reactions. DNA sequence analysis was performed with DNAStar. Comparison of C. albicans MNN9 nucleotide and deduced amino acid sequences to sequences present in GenBank and EMBL databases was carried out with BLAST (National Center for Biotechnology Information).
Sensitivity to hygromycin and sodium orthovanadate. Stock solutions of 100 mM sodium orthovanadate (Sigma) and 10 mg of hygromycin B (Sigma)/ml were prepared in distilled water and filter sterilized. Fresh stock solutions were diluted into sterile YPD medium containing 2% agar for solid medium. C. albicans yeasts were grown overnight at 30°C before the cultures were equilibrated with fresh medium to an optical density at 600 nm (OD 600 ) of 0.5 (approximately 6.0 ϫ 10 6 cells/ml). Five microliters of each diluted culture was struck onto quadrants on agar plates containing various concentrations of hygromycin or sodium orthovanadate. The drug concentrations tested were 10, 50, 100, 200, 300, 350, and 400 g of hygromycin/ml and 1, 2, 3, 4, 5, 6, 7, 10, 15, 20, and 25 mM vanadate. Growth was scored after 3 and 7 days of incubation at 30°C.
Analysis of cell wall carbohydrate. C. albicans yeast cells (5.0-ml cultures) were labeled with UDP-[
14 C]glucose (7.5 Ci), and cell wall polysaccharides were fractionated and quantitated as described by Castro et al. (11) .
␤-Glucanase sensitivity. ␤-1,6-glucanase was purified from a commercial enzyme preparation (cell wall-lysing enzyme; L-2265; Sigma) from Trichoderma harzianum by substrate affinity chromotography and preparative isoelectric focusing with the Rotofor system (Bio-Rad). The enzyme is now commercially available from BioMarin Pharmaceutical (Novato, Calif.). Both the crude enzyme preparation and pure ␤-1,6-glucanase were used to determine the sensitivities of C. albicans wild-type and mutant strains, as well as the release of cell wall proteins from those strains.
Sensitivities to crude ␤-1,3-glucanase from T. harzianum (Sigma; L-2265) and pure ␤-1,6-glucanase from T. harzianum were determined by a modified version of the protocol described by Ram et al. (49) . Cells were harvested during logarithmic growth (approximately 1.5 ϫ 10 7 to 2.0 ϫ 10 7 cells/ml) and washed with 50 mM sodium acetate buffer (pH 5.0). Cells were then suspended in the same buffer containing either 1 mg of crude ␤-1,3-glucanase or 15 g of purified ␤-1,6-glucanase and incubated at 37°C. The OD 530 was measured at the onset of incubation and again 2 h later. The decrease in OD 530 over time reflects the percentage of lysed cells. Cells were also incubated in the same buffer without the addition of enzyme as controls. Mutants were classified as glucanase sensitive when there was greater than 40% reduction in the measured OD 530 .
Isolation and analysis of cell wall proteins. Yeast cells from 100-ml cultures were harvested during logarithmic growth (1.25 ϫ 10 7 to 2.5 ϫ 10 7 cells/ml) and washed three times with 10 mM sodium acetate buffer (pH 5.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma). The cells were then resuspended in 1.0 ml of the same buffer before the addition of glass beads (0.45 mm in diameter) to the meniscus. Cells were disrupted by vortexing three times for 1 min each, interspersed with cooling on ice for 30 s. The cell lysate was separated from the glass beads by centrifugation and collected. The glass beads were then washed two times with 1 M NaCl, and the washes were pooled with the lysate. Cell walls were pelleted by centrifugation at 1,000 ϫ g for 10 min, washed two times with 1 M NaCl containing PMSF, and then stored in PMSF at Ϫ20°C.
Noncovalently bound proteins were extracted from cell wall preparations by incubation in Tris-HCl (pH 7.8) containing 2% SDS, 100 mM EDTA, and 40 mM ␤-mercaptoethanol for 5 min at 100°C. The cell wall fraction was pelleted by centrifugation for 5 min at 10,000 ϫ g, and the supernatant containing SDSsoluble proteins was collected.
Glucanase-extractable proteins were isolated from the SDS-extracted cell wall fractions as follows. SDS-treated cell walls were washed several times with 1 mM PMSF to remove residual SDS. Cell walls were then incubated with pure ␤-1,6-glucanase from T. harzianum (0.4 g wet weight of cell walls) in 50 mM sodium acetate buffer (pH 5.0) containing 1 mM PMSF at 37°C for 2 h. As a control, cell walls were incubated in the same buffer without the addition of enzyme. The reaction mixture was centrifuged for 5 min at 10,000 ϫ g, and the supernatant was analyzed for protein release after glucanase treatment. SDS-and glucanaseextractable proteins were separated by linear-gradient (4 to 20%) SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by silver staining (Daiichi silver stain; Integrated Separation Systems, Natick, Mass.).
Photomicroscopy. Cells were mounted on glass slides and photographed with a ϫ40 objective with Nomarski optics on a Nikon Diaphot microscope.
Electrophoretic karyotyping. C. albicans chromosomes were prepared and separated by pulsed-field electrophoresis as previously described (63) . The chromosomal blot was kindly provided by Joy Sturtevant (Georgetown University Medical Center, Washington, D.C.). The chromosomal blot was hybridized with the internal ClaI/EcoRV fragment of CaMNN9 derived from p8A-KpnI⌬. Hybridization was performed in Church's buffer at 60°C before the filter was washed in 2ϫ SSC (1ϫ is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% SDS at 60°C for 15 min.
RT-PCR. Total RNA was isolated from wild-type and Camnn9⌬ strains grown as yeast. Cultures (50 ml) were centrifuged, and the collected cells were washed with sterile water and resuspended in Trizol (GIBCO/BRL) at 1.0 ml per 2.0 g of wet cells. Cells were disrupted by being vortexed in the presence of glass beads (0.45 nm in diameter), and RNA was extracted in accordance with the manufacturer's instructions. RNA samples were precipitated with 0.5 M NaCl and 2 volumes of ethanol before RNA concentrations were determined by measuring the OD 260 . Total RNA samples (1.0 to 2.0 g) were treated with DNase (amplification grade; GIBCO/BRL) by following the manufacturer's instructions. Total DNase reaction mixtures (10 l) were subjected to first-strand cDNA synthesis with a Superscript II kit (GIBCO/BRL) and internal 3Ј primers specific for either C. albicans MNN9, VAN1 (5ЈGCGCTCGAGATCACCATTACGAT CCGG3Ј [57a] ), or ANP1 (5ЈAGGAGGTTTACAATTGGC3Ј [57a] ). Reverse transcription (RT) reaction mixtures (2 to 5 l) were utilized directly as templates in PCR mixtures (100 l) containing 1ϫ PCR buffer, 25 mM MgCl 2 , 0.8 mM dNTP mixture, 1.0 M concentrations of each 3Ј (above) and 5Ј genespecific primer (CaVAN1, 5ЈGCGCCATGGCCATCTTATATTGAAAGCG3Ј, and CaANP1, 5ЈAAATCACATAATGAGGTAACC3Ј [57a] ), and 4 U of BIO-X-ACT DNA polymerase (ISC:Bioexpress, Kaysville, Utah). PCR consisted of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min. Amplification products were separated by electrophoresis on 1.2% Separide (GIBCO/BRL) agarose gels, stained with ethidium bromide, and visualized under UV light.
Nucleotide sequence accession number. The C. albicans MNN9 nucleotide sequence has been deposited in the GenBank and EMBL databases under the accession no. U63642.
RESULTS
Isolation and analysis of the C. albicans MNN9 gene. Degenerate primers were designed based on conserved regions present in the S. cerevisiae MNN9, VAN1, and ANP1 nucleotide sequences (Fig. 1) . The primers were used to amplify a 420-bp product from C. albicans ATCC 10261 genomic DNA. The amplification product was cloned into PCR-Script (ϩ), and several individual clones were sequenced. Sequence analysis revealed the presence of two sequences which, based on sequence similarity with the catalogued S. cerevisiae MNN9 and VAN1 sequences in the GenBank database, were identified as portions of the putative C. albicans MNN9 and VAN1 genes. The mixture of amplification products was used to probe digests of genomic DNA derived from three strains of C. albicans and hybridized to 3.5-and 4.5-kb HindIII fragments and 2.4-and 6.5-kb EcoRI fragments in all strains analyzed (data not shown). The PCR mixture was subsequently used to screen C. albicans ATCC 10261 HindIII and EcoRI genomic libraries constructed in pUC18 (38) . Several positive clones were isolated from each library. Restriction analysis of the positive clones isolated from the respective libraries revealed HindIII inserts of 3.5 kb or 2.4-kb EcoRI inserts (data not shown). Initial sequence analysis of the clone containing the 2.4-kb EcoRI fragment showed it to carry the 3Ј portion of the C. albicans VAN1 gene (which will be described in detail in a different study). The clone containing the 3.5-kb HindIII insert was subcloned to a 2.1-kb HindIII/KpnI fragment in pUC18 (plasmid p8A-KpnI⌬; see Fig. 4 ), and both DNA strands were sequenced. Sequence analysis revealed an ORF of 1,107 bp predicted to encode a protein of 368 amino acids. The deduced amino acid sequence showed 65.6% overall identity with the S. cerevisiae Mnn9 protein, strongly suggesting that the C. albicans homolog had been isolated. A relevant feature observed in the deduced amino acid sequence is the presence of a region (amino acids 18 to 34) predicted to be a membrane-spanning domain. A similar domain is present in the same region of the S. cerevisiae MNN9 amino acid sequence (64) . Alignment of the C. albicans MNN9 gene product sequence with those of the S. cerevisiae MNN9, VAN1, and ANP1 genes indicated significant homology within the carboxy regions of all predicted proteins (Fig. 1) . A putative C. albicans homolog of S. cerevisiae ANP1 has been identified by PCR amplification and Southern analysis (see above; data not shown), indicating the presence of a similar MNN9 gene family in Candida.
Analysis of chromosomes isolated from two strains of C. albicans showed that MNN9 resides on chromosome 3 in both strains (Fig. 2) . The same chromosomal blot was stripped and reprobed with the C. albicans URA3 gene (derived from plasmid p5921), which has been shown to be located on chromosome 3 (19, 37) for verification of chromosomal mapping (data not shown). These results, as well as those obtained from restriction mapping and Southern analysis (data not shown), suggest that there is only one copy of CaMNN9 present in the C. albicans genome.
Northern analysis of total RNA obtained from C. albicans ATCC 10261 growing in either yeast or hyphal phases identified an mRNA of approximately 1.35 kb that hybridized with the HindIII/KpnI fragment from p8A-KpnI⌬ carrying CaMNN9 (Fig. 3) . The level of MNN9 transcript, as measured by densitometry, was only slightly elevated during mycelial growth (1.4 times the yeast phase signal) when normalized to values from signals obtained after hybridization with the S. cerevisiae actin gene (Fig. 3) .
Deletion of the MNN9 gene in C. albicans. A homozygous mnn9⌬ strain was constructed by the method devised by Fonzi and Irwin (18) in order to determine the phenotypes associated with disruption of the C. albicans MNN9 gene. Approximately 600 bp of the CaMNN9 ORF was replaced with the hisG URA3 hisG cassette (see Materials and Methods), and the resulting construct was transformed into CAI4, a C. albicans ura3⌬ strain (18) . More than 30 Ura ϩ transformants were obtained, and Southern analysis of three isolates showed that homologous recombination had occurred (Fig. 4) . One of the Ura ϩ MNN9/mnn9 isolates, SS2ϩ, was plated on SD medium containing uridine and 5-FOA to select for Ura Ϫ revertants that would arise from excision of the URA3 gene as a result of recombination of the flanking hisG repeats (18) . Two of the three isolates analyzed by Southern hybridization had undergone the desired event (Fig. 4) , resulting in strains that were MNN9/mnn9 heterozygotes, auxotrophic for uracil.
In order to obtain a homozygous mnn9 deletion strain, the aforementioned heterozygotes, SS2Ϫ and SS6Ϫ, were transformed with the same deletion construct and Ura ϩ transformants were once again selected. Over 60 transformants were checked by Southern analysis before one homozygous disruptant was identified (Fig. 4) . Ultimately, five Ura ϩ mnn9/ mnn9 strains were isolated (all showed the same hybridization pattern, suggesting that the same recombination event had occurred in each strain), and one such strain, SSCA-2, was used for further studies. Ura Ϫ auxotrophic strain SS19-4 was derived from SSCA-2 by following the same protocol as that described above. Northern analysis of total RNA obtained from each of the null mutants (Ura ϩ and Ura Ϫ ) verified that CaMNN9-specified transcripts were not produced in those strains (data not shown). In most instances, the Ura ϩ strains SC5314 and SSCA-2 were used for the analyses described below, since their respective Ura Ϫ derivatives (CAI4 and SS19-4) tended to grow more slowly. Often, experiments were repeated with the other independently isolated homozygous deletion strains to verify that the phenotypes were the same. When SS19-4 was used in studies, it was compared to Ura Ϫ strain CAI4.
Morphology and growth phenotype of mnn9⌬ cells. The C. albicans mnn9/mnn9 double disruptants exhibited many of the same growth phenotypes as those observed for their S. cerevisiae mnn9 strain counterparts (2, 64) . Specifically, Camnn9⌬ strains grew more slowly than the wild-type strain, exhibited a small, dry-colony phenotype on solid media, and grew as large clumps in liquid media. Addition of osmotic stabilizers, such as sorbitol and KCl, to media provided some reparation of growth defects but did not restore normal growth rates or phenotypes. Disruption of CaMNN9 also resulted in an impairment in conversion of yeast cells to hyphal growth forms. Strains SSCA-2 and SS19-4 were induced to form germ tubes in either 10% serum or RPMI 1640 medium, and in both instances the frequency of germ tube formation was greatly reduced compared to those for strains SC5314 and CAI4, respectively (data not shown). Hyphal formation also appeared abnormal in that many pseudohyphae were observed among yeast and hyphal cells in large aggregates. When cells were viewed under a microscope with Normarski optics, the differences in the cell morphology of both yeast and hyphal cells were found to be quite pronounced (Fig. 5) . These results are indicative of a defect that affects the biosynthesis and/or assembly of the C. albicans cell wall, as would be expected in strains defective in protein glycosylation or secretion processes. In turn, poor growth and the inability to properly form hyphae suggest that the mnn9 strains might lack the appropriate adherence and/or invasive properties necessary to establish infection.
Effect of MNN9 deletion on sensitivities to hygromycin and sodium orthovanadate. Yeast mutants with defects in Golgi apparatus-specific glycoprotein processing, including all members of the S. cerevisiae MNN9 gene family, have shown resistance to sodium orthovanadate and sensitivity to the aminoglycoside antibiotic hygromycin B (5, 15) . Thus, the C. albicans mnn9⌬ strains were tested to determine sensitivity to these compounds. Both Ura ϩ and Ura Ϫ derivative Camnn9⌬ strains, as well as the respective Ura ϩ and Ura Ϫ wild-type Candida strains, were scored for growth on YPD plates containing various amounts of hygromycin B or sodium orthovanadate (Table 2). As anticipated, the mnn9⌬ strains displayed resistance to sodium orthovanadate, being able to grow on plates containing 20 mM vanadate. In contrast, the wild-type parental strains were completely inhibited on plates containing 15 mM vanadate. In turn, the Candida mnn9 mutants were sensitive to hygromycin. Both wild-type strains were able to grow on medium supplemented with 300 g of hygromycin per ml, while the mnn9 strains were completely growth inhibited at 100 g of hygromycin/ml. Since hygromycin sensitivity is due, at least in part, to defects in glycosylation (15) , these results suggested that disruption of C. albicans MNN9 results in a glycosylation defect similar to that observed in S. cerevisiae mnn9 strains (3, 64) . mnn9⌬ strain cell walls contain reduced mannan levels. The results of drug studies suggested that disruption of CaMNN9 resulted in an inability to properly glycosylate secreted and/or cell wall-associated mannoproteins. Such a defect should directly result in a reduction of the mannan content of the mnn9 strain cell wall. Thus, mutant and wild-type strains were grown in YPD medium containing radioactive glucose to label the various cell wall carbohydrate components. Cell walls were then isolated, and the amounts of radioactivity incorporated into the alkali-insoluble, alkali-soluble ␤-glucan, and mannan cell wall fractions were determined ( Table 2) . As anticipated, the mnn9 deletion strain cells exhibited a significant decrease (50%) in the mannan portion of their cell walls compared to the wild-type strain. In cell walls extracted from strain SSCA-2 mannan comprised only 7% of total cell wall carbohydrate, compared to 14% for wild-type strain SC5314. Interestingly, the incorporation of radioactive glucose into the alkali-soluble ␤-glucan fraction was clearly increased in the disrupted strains. This might reflect an attempt by the mutant cells to compensate for the mannan synthesis defect.
Effect of MNN9 deletion on sensitivity to glucanase. Sensitivity to glucanase is often used as a parameter for changes in cell wall composition in yeast (35, 49) . The C. albicans mnn9⌬ strains were tested for sensitivity to a crude ␤-1,3-glucanase and a purified ␤-1,6-glucanase preparation. Both Ura ϩ and Ura Ϫ derivative Camnn9⌬ strains were found to be sensitive to ␤-1,3-glucanase compared to the Ura ϩ and Ura Ϫ wild-type Candida strains. In contrast, both the mutant and wild-type strains (Ura ϩ and Ura Ϫ ) were insensitive to lysis by treatment with pure ␤-1,6-glucanase (Table 2 ). Control cells incubated under similar conditions without the addition of either enzyme showed no lysis.
Analysis of cell wall-associated proteins. The S. cerevisiae mnn9 strain has recently been used to study the anchorage, structure, and types of cell wall proteins released after treatment with glucanases (30, 42, 61) . Therefore, it was of interest to determine if disruption of CaMNN9 altered the profile of proteins released by this method. Strains SC5314 and SSCA-2 were grown to exponential phase, and cell walls were prepared (see Materials and Methods). Proteins released from cell walls after treatment with SDS were separated by SDS-PAGE and detected by silver staining. No obvious differences between the profiles of proteins released from the cell walls of mnn9⌬ strain cells and wild-type strain cells were observed (Fig. 6) . Cell wall fractions remaining after extraction with SDS were digested with either a purified ␤-1,6-glucanase from Trichoderma or a crude Trichoderma ␤-1,3-glucanase to release covalently bound mannoproteins. SDS-PAGE analysis of the resulting protein extracts showed the release of ␤-1,6-glucosylated mannoproteins from both mutant and wild-type strains (Fig. 6) . Indeed, more high-molecular-weight proteins were released from the mnn9⌬ strain cell walls than from the wild-type cell walls. It is possible that the reduction in the mannan content of the mutant cell wall facilitates the release of those glucan-linked proteins by providing better enzyme access. Treatment with the crude ␤-1,3-glucanase resulted in the release of a low level of proteins detectable by silver staining from SDS-extracted cell walls derived from either the mutant or wild-type strains (Fig.  6) .
Analysis of MNN9 gene family transcript levels in mnn9⌬ strain cells. The proteins encoded by the Saccharomyces MNN9 gene family have been shown to interact physically and might have overlapping and/or redundant enzymatic activities (26) . Thus, experiments were performed to determine if expression of the Candida family member genes was affected in a mnn9⌬ strain background. PCR was initially performed with genomic DNAs obtained from both wild-type C. albicans SC5314 and the mnn9⌬ strain SSCA-2 as the templates. Primers were designed on the basis of known sequences of C. albicans MNN9, VAN1, and ANP1 (57a). Amplification products of the expected sizes were obtained for all templateprimer combinations, except for MNN9 with mnn9⌬ DNA as the template, as expected (data not shown). In addition, equivalent amounts of DNA were amplified for each gene in both strains (data not shown). Each of the gene-specific primers was then used in RT-PCR, and the predicted products were obtained (Fig. 7) . Little or no product was obtained when the control reaction mixture with no reverse transcriptase was used as the template with ANP1-specific primers or when MNN9 gene-specific primers were used to amplify the SSCA-2 cDNA reaction. The expected 500-and 350-bp products were amplified from the respective VAN1 and ANP1 cDNAs derived from the wild-type and mnn9⌬ strains, with no apparent significant FIG. 6 . SDS-PAGE analysis of ␤-1,6-glucanase-soluble (A), ␤-1,3-glucanasesoluble (B), and SDS-soluble (C) proteins extracted from C. albicans SSCA-2 (⌬mnn9) and SC5314 (wild type) cell walls. Controls are represented as untreated wild-type (lanes 1 and 5) and ⌬mnn9 (lanes 2 and 6) strain cell walls. Proteins isolated from wild-type (odd-numbered lanes) and mutant (even-numbered lanes) strain cell walls after treatment with either ␤-1,6-glucanase (lanes 3 and 4), ␤-1,3-glucanase (lanes 7 and 8), or SDS (lanes 9 and 10) were separated on 4-to 20% gradient gels and visualized by silver staining. Molecular mass standards (in kilodaltons) are shown on the left.
FIG. 7. RT-PCR (A) and Northern (B) analysis of expression of MNN9
family genes in C. albicans wild-type and ⌬mnn9 strains. RT-PCR was performed with RNA extracted from wild-type strain SC5314 (lanes 1 to 4) and ⌬mnn9 strain SSCA-2 (lanes 5 to 8). cDNA synthesis and subsequent amplification were done with primers specific for the C. albicans MNN9 (lanes 2 and 6), VAN1 (lanes 3 and 7), and ANP1 (lanes 4 and 8) genes. Control reactions (lanes 1 and 5) utilized ANP1-specific primers, and reaction mixtures contained no reverse transcriptase. Northern blot analysis was performed with total RNA (10 g) isolated from strains SC5314 (lane 1) and SSCA-2 (lane 2), and the purified wild-type MNN9, VAN1, and ANP1 RT-PCR products were used as probes. The blot was stripped sequentially between hybridizations and was probed with the S. cerevisiae actin gene as a quantitative control for gel loading. differences in product amount. In turn, the results of Northern blot experiments show no substantial difference in ANP1 or VAN1 transcript levels between wild-type and mnn9⌬ strains (Fig. 7) . Total RNA (10 g) obtained from both SC5314 and SSCA-2 was Northern blotted and probed (sequentially, stripping the blot after each hybridization) with either the 501-bp VAN1 PCR product, the 299-bp ANP1 product, or the 965-bp MNN9 product. The relative transcript levels were similar in all cases to levels of actin transcript obtained after stripping the blot and reprobing with the S. cerevisiae actin gene (Fig. 7) . As expected, no transcript was identified when the MNN9 PCR product was used to probe RNA derived from strain SSCA-2. Jungmann and Munro previously observed a lower level of Anp1 protein immunoprecipitated from an S. cerevisiae mnn9⌬ strain (26) . Our results suggest that the decrease observed is due to posttranslational processing (most probably degradation of uncomplexed Anp1p) rather than changes at the transcriptional level.
DISCUSSION
We have isolated and characterized the MNN9 gene from the fungal pathogen C. albicans and examined some of the phenotypic effects of disruption of this gene. Analysis of the gene sequence revealed an intron-free ORF of 1,107 bp encoding a protein of 368 amino acids. As expected, CaMNN9 has a high degree of homology with its S. cerevisiae counterpart at the deduced amino acid sequence level (65.6%), with several blocks of strong homology within the predicted carboxy termini. A predicted transmembrane domain is present between residues 18 and 34 of the amino acid sequence. Similar regions have been identified in the amino termini of S. cerevisiae MNN9 gene family member proteins (12, 64) . Additionally, electrophoretic karyotype analysis mapped CaMNN9 to chromosome 3 in both strains examined. A single mRNA of approximately 1.35 kb was identified in both the yeast and hyphal morphological growth phases of C. albicans. In addition, no significant difference in transcript levels was observed, which suggests that the CaMNN9 gene is not growth phase regulated. Both chromosomal copies of CaMNN9 were disrupted by the "URA blaster" method (18) . Many of the phenotypes exhibited by the mutant were indicative of cell wall defects, including osmotic instability, slow growth, severe clumping in liquid media, and abnormal colony formation on solid media. The addition of osmotic stabilizers did not have a pronounced effect on cell growth or stability. Hyphal formation was also impaired both in terms of frequency of conversion of yeast cells to hyphal forms and the elaboration of defective hyphae and many pseudohyphae. An inability to correctly synthesize cell wall components would certainly influence proper expansion of the cell wall during yeast-to-mycelium conversion. Indeed, examination of radioactively labeled cell wall carbohydrate components showed Camnn9⌬ strain cell walls to contain half the amount of mannose present in parental strain cell walls. In addition, a greater amount of alkali-soluble ␤-glucans was present in mutant cell walls than in wild-type cell walls, suggesting an attempt to compensate for the mannan defect. Like all strains carrying mutant members of the S. cerevisiae MNN9 gene family, Camnn9⌬ strains were shown to be resistant to sodium orthovanadate and sensitive to the aminoglycoside antibiotic hygromycin B. Camnn9⌬ strains also proved to be sensitive to lysis by a crude ␤-1,3-glucanase preparation, while the parental strains were resistant. Since increased sensitivity to ␤-1,3-glucanases is indicative of altered cell wall composition (35, 49) and since sensitivity to hygromycin has been shown to correlate with defects in glycosylation (15) , it is assumed that deletion of CaMNN9 directly affects the mannosylation of cell wall-associated mannoproteins. Treatment of SDS-extracted cell walls with a purified T. harzianum ␤-1,6-glucanase resulted in the release of more covalently bound, high-molecular-weight proteins from mutant cell walls than from wild-type cell walls. These proteins probably represent glycosyl phosphatidylinositol (GPI)-anchored proteins that are heavily O-mannosylated. Examination of secreted chitinase from S. cerevisiae MNN9 gene family knockout strains showed that the processes of O glycosylation remain intact in these mutant strains and that only N-linked glycosylation is affected (57a). It could be inferred that the overall reduction in the mannan content of the Camnn9 mutant cell wall would facilitate the release of these proteins linked to glucan. Indeed, the S. cerevisiae mnn9 strain has been utilized by others in similar experiments to gain a clearer understanding of the types of proteins that are cell wall associated and how, and to what cell wall components, they are anchored (30, 42, 61) .
The shared phenotypes of S. cerevisiae mnn9 gene family mutants suggest that Mnn9p, Anp1p, and Van1p might perform redundant enzymatic activities. Certain proteins encoded by members of the MNN9 gene family have also been shown to physically interact with each other (26) (see below), suggesting either overlapping or coordinate functions. It was of interest to determine if the loss of function of one gene family member in C. albicans would affect the transcriptional activity of either of the other family member genes. The results of RT-PCR and Northern analysis of CaVAN1 and CaANP1 expression in a Camnn9⌬ strain showed that neither of these genes is up or down regulated in the absence of the CaMNN9 transcript. It had been observed that the steady-state level of S. cerevisiae Anp1p was reduced in an S. cerevisiae mnn9⌬ strain (26) . Our results suggest that Anp1p is probably degraded in the absence of its complex partner, Mnn9p.
Recently, Jungmann and Munro (26) have provided greater insight into the role S. cerevisiae MNN9 gene family members play in the synthesis of the outer chain of cell wall mannan. The model they propose suggests that a Mnn9p-Van1p complex is responsible for the synthesis of a short ␣-1,6-mannose chain onto the initiating mannose residue, placed by Och1p. The mannose polymer is then extended to its full length by the action of the Mnn9p-Anp1p complex, which also catalyzes the addition of the initial ␣-1,2-mannose branches. Mnn2p and Mnn5p have recently been identified as the ␣-1,2-mannosyltransferases responsible for the initiation and extension of additional ␣-1,2-mannose branches, respectively (50) . Ultimately, the chains are terminated by the Mnn1p (64)-catalyzed addition of an ␣-1,3-linked mannose, and phosphomannose is incorporated by Mnn6p (62) .
While proteins encoded by MNN9 gene family members are obviously directly involved in yeast glycosylation, acting either as mannosyltransferases themselves or by organizing and directing the appropriate mannosyltransferases, there is a great deal of evidence which suggests that they are involved in other cellular processes. Loss of Anp1p results in mislocalization of various Golgi apparatus resident proteins (12, 46) . Anp1p has also been shown to interact genetically with Bet5p, a protein involved in transport from the endoplasmic reticulum to the Golgi apparatus (25) . Additionally, ANP1 was identified in a screen for genes of mutants defective in polarized growth, but with no defects in actin cytoskeleton structure (41) . Interestingly, the mutation of ANP1 was recently shown to be synthetically lethal in conjunction with cmd1A, a temperature-sensitive yeast calmodulin mutant which confers a defect in actin organization (54) . In turn, both anp1 and cmd1A proved to be synthetically lethal with a specific mutation of MYO2, a gene that encodes a calmodulin-binding class V myosin (54) . These results implicate Anp1p either directly, or indirectly by virtue of its role in glycosylation, in the regulation of actin organization.
In conclusion, since MNN9 gene structure and function seem to be well conserved between C. albicans and S. cerevisiae and since gene families have been identified in both genera, the fundamental role this gene plays in C. albicans cellular processes should be further investigated. Disruption of CaMNN9 results in phenotypes that are inconsistent with pathogenicity, including poor growth, aberrant hypha formation, and altered cell wall composition. Since the Candida cell wall is essential for the biology and pathogenicity of the organism it is likely that mutation of MNN9 will render the strain avirulent. In fact, recent studies have shown that disruption of genes that encode O-mannosyltransferases in C. albicans does alter the virulence capabilities of the knockout strains (7, 59) . Thus, we are currently assessing the adherence capabilities of the Camnn9⌬ strains and ultimately will test the virulence of these strains in animal models of infection. Unfortunately, the severe clumping phenotype and osmotic instability of the deletion mutant present obstacles to these studies and are being addressed at this time. Ultimately, the results of those experiments will define members of this family as potential drug targets.
